Introduction
Acute lymphoblastic leukemia (ALL) is the most common childhood cancer with a peak prevalence between the ages of 2 and 5 years (1) . Acute leukemias may be of B-or T-lymphoid lineage and are characterized by recurring chromosomal aberrations and gene mutations often within members of key cellular pathways including lymphoid development, cell cycle regulation and tumor suppression, regulation of apoptosis, cell signaling and drug responsiveness (2, 3) . Although considered as important initiating events in leukemogenesis, these alterations alone usually do not cause leukemia (4, 5) , implicating that there are other etiologic factors. A weak increased familial risk of ALL has been shown suggesting that inherited genetic factors influence the risk of developing ALL (6) . In addition, three recent genomewide association (GWA) studies have revealed that genetic variation likely influences risk of ALL (7) (8) (9) . Furthermore, genetic associations with ALL risk and outcome have been identified for polymorphisms in candidate genes, including genes mediating drug and folate metabolism, cell cycle checkpoints and DNA repair genes, xenobiotic metabolism genes, as well as transcription factors or regulators of transcription factors (3, (10) (11) (12) (13) (14) .
For several years, candidate gene searching based on association analysis of single-nucleotide polymorphisms (SNPs) has been one of the most commonly used approaches to identify the underlying gene(s) for a trait of interest. Recently, GWA studies became an important advance in discovering genetic variants implicated in disease mainly because of the efficient and unbiased interrogation of the entire human genome with a non-hypothesis-driven approach, where no prior assumptions are made as to the nature of the variants involved. However, GWA studies have limitations some of which are the high cost, stringent criteria for significance with a chance of missing risk variants with small effects and the requirement for relatively large sample sizes. Our limited sample size available for study was the driving force to opt for a candidate gene approach. We used a combination of advanced computer-facilitated candidate gene selection methods together with a targeted selection of SNPs, including structural/functional variants, thereby overcoming some of the limitations of GWA studies.
We genotyped 672 common polymorphisms in 29 candidate genes known to be involved in the biology of the disease based on biochemical and physiological studies in 414 samples (163 cases and 251 controls) of Caucasian origin. Our objective was to identify polymorphisms exhibiting individual effects and/or joint effects among each other that could be relevant to ALL risk.
Materials and methods

Study participants
The study population consisted of unrelated Caucasian children diagnosed with ALL and healthy age-matched unrelated controls. Consecutive case DNAs (n 5 163) were obtained via blood draw from children diagnosed with ALL during the study period between 1990 and 2005 at the Children's Medical Center of Dallas (n 5 161) and from a pilot study project between 2007 and 2009 at the University of Texas Health Science Center at San Antonio (n 5 2). A total of 251 age-matched unrelated Caucasian control samples were obtained from surplus deidentified blood samples from children after emergency room treatment for diagnoses other than cancer at the laboratory services of Children's Medical Center. Exclusion criteria for the controls consisted of any history of malignancy as confirmed by review of medical records. Approval from Institutional Review Board at both universities was attained and the parents of each child signed consent to participate in genetic studies. Ethnicity was self-reported as determined by parental report. The average age of cases was 6.5 years and for controls 10.5 years, with an age range between 1 month and 21 years in all samples except for three controls that were older. The case samples consisted of 92 males and 71 females, and controls included 131 males and 120 females. All samples underwent standard DNA preparation procedures and DNA was stored at 4°C prior to genotyping. Of the 163 cases, 138 were diagnosed with precursor B-cell leukemia, 16 were T-cell leukemia and 9 were other B-cell subtypes.
Gene selection
To select and prioritize highly potential candidate genes, we performed an extended literature search and used annotated pathway databases and available programs including Endeavour (http://homes.esat.kuleuven.be/~bioiuser/endeavour/ index.php), Pathway Studio (Ariadne, Rockville, MD), Cytoscape (http://www. cytoscape.org/) and SNPs3D (http://www.snps3d.org/). SNP selection, genotyping and quality control A total of 672 SNPs (supplementary Table 1 is available at Carcinogenesis Online) within the 29 candidate genes were selected from the dbSNP database Build 129 (http://www.ncbi.nlm.nih.gov/projects/SNP/) and SNPper (http:// snpper.chip.org/) using the following criteria: (i) within each gene, SNPs with a minor allele frequency . 0.05 with potential functional effects retrieved from programs predicting functional annotation and (ii) SNPs associated with leukemia, and in particular childhood ALL, as derived from literature were chosen. After this initial selection, tagging SNPs within each gene were identified using Haploview (http://www.broad.mit.edu/mpg/haploview/) with the following criteria: (i) inclusion of preselected SNPs (see above), (ii) minor allele frequency . 0.05 in order to gain more statistical power, (iii) r 2 threshold of 0.8, (iv) a log of odds threshold for multi-marker testing of 3.0, (v) a minimum distance between tags of 60 bp and (vi) the 2-and 3-marker haplotype tagging option. For each gene, the search for tagging SNPs extended to a 10 kb region surrounding the gene. Genotyping was performed with the Golden Gate Assay of the VeraCode technology using the BeadXpress reader System according to the manufacturer's protocol (Illumina, San Diego, CA). Duplicate samples were included as quality Abbreviations: ALL, acute lymphoblastic leukemia; GWA, genome-wide association; OR, odds ratio; SNP, single-nucleotide polymorphisms; TFBS, transcription factor binding sites. controls and .99.8% concordant results were obtained for all SNPs. An average 96% of the samples were successfully genotyped per SNP.
Statistical analysis
We used Haploview 4.2 to measure linkage disequilibrium (LD) between the SNPs. Allele frequencies among the cases and controls were compared using the chi-square test. The odds ratio (OR) and its 95% confidence interval were estimated by unconditional logistic regression using R statistical software version 2.9.1 (http://www.r-project.org/). All the tests were two sided and the unadjusted a was considered 0.05. To test for the independent association of a significant SNP while adjusting for other SNPs, we used a generalized linear model function from the R statistical package for which each SNP selected is entered into a single multivariable logistic regression model. SNPs in the model were taken to have additive effects. To calculate ORs of the haplotypes, we used the method implemented in the haplo.ccs package in R (15) . Only major haplotypes, with an estimated frequency of .5%, are considered in this report. The OR of each major haplotype was computed relative to a reference group consisting of all other haplotypes including rare haplotypes.
To correct for multiple testing in the single SNP analysis, we used the singlenucleotide spectral decomposition method that accounts for LD among SNPs [http://gump.qimr.edu.au/general/daleN/SNPSpD/, (16) ]. This method showed that 390 SNPs were independent, resulting in an experiment-wide significance threshold for a 5 0.05 of P , 0.0001. The Bonferroni correction was used for multiple comparisons in haplotype analysis, where the adjusted P value is given by P at the 0.05 significance level divided by the number of major (frequency . 5%) haplotypes.
Results
Genes and allele frequencies
Polymorphisms of 29 genes with known or postulated roles in normal lymphoid development and/or lymphoid leukemogenesis and/or that commonly dysregulate hematopoietic transcription factors and tyrosine kinases were investigated. Genes studied in this report are genes shown previously to affect leukemogenesis, including fusion genes of translocations (BCR, ABL1, ETV6, FBXW7, LMO1, LYL1, EP300, CREBBP, MLL, JAK2, RUNX1, TCF3), DNA repair genes (MSH3, CHEK2, ATM, CCND1, MLH1, MSH2, TOP2A, CDKN1B), genes encoding transcription factors or regulators of other transcription factors (IKZF1, NR3C1, TP53), genes involved in T-and B-cell development (BLNK, CD6, SAMSN1) and genes involved in xenobiotic or folate metabolisms (CYP1A1, NQO1, FPGS). We genotyped 672 tagged SNPs, of which 23 did not amplify, 19 were not polymorphic in our sample, 1 failed in the majority of samples and 17 SNPs were not in Hardy-Weinberg equilibrium in the controls (P , 0.001). Although the error rate was ,0.2%, SNPs that were not in Hardy-Weinberg equilibrium were left out for further statistical analyses. A total of 612 were included in the association analysis. Significant case-control differences of allele frequencies at a level P , 0.05 were observed for 51 polymorphisms belonging to 15 genes (supplementary Table 2 is available at Carcinogenesis Online).
Quality control analysis
Quantile-quantile plots of the negative logarithm of all P values did not show significant differences between unadjusted and European ancestry-adjusted outcomes indicating that hidden population substructure from differences between genotype calling of cases and controls is unlikely (supplementary data are available at Carcinogenesis Online). Deviation from the null distribution was only observed at the upper tail for SNPs within the LIM domain only 1 (LMO1) gene (supplementary Figure 1 is available at Carcinogenesis Online). Therefore, we included all 414 available samples and assessed the association between each SNP and ALL using unconditional logistic regression without further adjustment.
Single SNP analysis Logistic regression analysis was performed for all SNPs in the context of recessive, dominant and additive models. Since the underlying genetic model for ALL is unknown, we chose to present the findings considering the additive mode of inheritance in this report. Fifty SNPs in 15 genes were significantly associated with ALL risk at the two-sided P , 0.05 level (supplementary Table 1 is available at Carcinogenesis Online, Figure 1 ). There was a moderate increase ($2.03) or decrease ($0.41) in ORs associated with these significant results. We used single nucleotide spectral decomposition (16) to determine a threshold for significance at this more stringent level (P , 0.0001) that accounts for multiple tests and rs442264 (LMO1) remained significant (OR 5 1.90, P 5 3 Â 10 À5 ). A stratified analysis by subtype further showed that risk associations of LMO1 variants were significant in children with B-cell leukemia and rs442264 remained significant after correction for multiple testing in this subgroup (OR 5 1.98, P 5 3 Â 10 À5 , Table I ), suggesting apotential role of this gene in the development of precursor B-lineage leukemias.
The
We further explored the region around rs442264 using the TESS web tool for predicting transcription factor binding sites (TFBS) in DNA sequences (http://www.cbil.upenn.edu/cgi-bin/tess/tess). Two potentially interesting TFBS, for the PU.1 and for the POU class 2 homeobox 2 (POU2F2) transcription factors, respectively, are located ,1.5 kb downstream of rs442264 and show a high log likelihood score of 20 ( Figure 2 ).
Haplotype analysis
Multiple SNPs in LMO1 were significantly associated with ALL risk at the P , 0.05 level (Table I and Figure 2 ) and we next determined whether joint effects of these SNPs had significant risk associations in our sample. Although perfect LD (D# 5 1) is observed between several pairs of SNPs, the r 2 is low (,0.4), and we therefore used all 14 SNPs with significant risk associations within LMO1 in haplotype analysis (rs11041815 is downstream from the gene and was not included). A major haplotype (31%) A-G-G-G-A-G-A-G-C-A-A-C-A-C for the combination of the 14 SNPs with individual risk associations within the gene showed a significant increase in risk for ALL (OR 5 1.79, 95% confidence interval 5 1.29-2.49, P 5 0.0006, Table  II ), indicating that the boundaries of the susceptibility region could be delineated to a 20 kb region at the 5# end of the LMO1 gene. Except for rs2071458, located in exon 1 and 215 bp upstream from the transcription start site, all other significant SNPs from the haplotype are within intronic regions of the gene. 
Discussion
Large-scale candidate gene approaches allow for a specific and focused search for biomarkers that play a role in the risk for childhood ALL. To estimate ALL risk conferred by individual SNPs and/or SNP-SNP interactions, we studied 29 candidate genes known to be involved in the biology of the disease. We report on the association between ALL susceptibility and 612 tagged SNPs, fully covering each of the genes and enriched with functional and potential deleterious SNPs. A total of 414 samples, 163 cases and 251 healthy controls of Caucasian descent were genotyped.
The major finding was obtained for variants within the LMO1 gene. After correction for multiple testing, rs442264 remained significant (OR 5 1.90, P 5 3 Â 10 À5 ). In addition, a major haplotype within LMO1 for the combination of 14 SNPs with individual risk associations was found to significantly increase ALL risk (OR 5 1.79, P 5 0.0006), indicating that the boundaries of the susceptibility region could be delineated to a 20 kb region at the 5# end of the LMO1 gene. LMO1 encodes a cysteine-rich two LIM domain transcriptional regulator and is located on chromosome 11 in an area of consistent chromosomal translocation in T-cell leukemia (18) . The gene is abundantly expressed in several tissues, including bone marrow [TiGER database, http://bioinfo.wilmer.jhu.edu/tiger/, (19) ], where it plays a role in protein-protein interaction (20) . Deregulation of LIM protein expression has been found to contribute to T-cell oncogenesis (18, 21) and 45% of T-ALL cases, with or without chromosomal translocations, show aberrant T-cell-specific expression of LMO1 (22) . Of interest is that rs379951 that showed an association in the Korean GWA study in childhood ALL (7) is tagged by rs442264 (D# 5 0.9, r 2 5 0.503 in Europeans), and our results therefore support the findings in Korean children with ALL. On the other hand, LMO1 has not been reported previously in GWA studies of ALL susceptibility on Caucasians and to our knowledge, our findings are the first to show evidence that genetic variation of this gene is involved in ALL in Caucasian children. Of note is that rs442264 is not present on the chip panels used in previous GWA studies of leukemia in European children (8, 9) .
Two potentially interesting TFBS, located .1.5 kb downstream of rs442264, were predicted by the web tool TESS (Figure 2 ). The transcription factor PU.1, a hematopoietic-specific member of the erythroblast transformation specific family of transcription factors, is expressed in macrophages and B cells (23) and plays an essential role in granulocytic, monocytic and lymphoid development (24) and as such has overlapping functions with other DNA-binding proteins like Ikaros (25) . Mice with germ line mutations in the gene encoding PU.1 (Sfpi1) have severely impaired myeloid and lymphoid differentiation and die shortly after birth (26, 27) . The second predicted TFBS close to rs442264 is for the POU2F2 transcription factor, a lymphoidspecific transcription factor, which has been shown to concomitantly act with PU.1 to activate immunoglobulin promoters and regulate immunoglobulin expression (28, 29) . One could hypothesize that a disruption of one or both transcription binding site activities, impairing the gene's normal function, could be (indirectly) implicated in aberrant B-cell development, which might result in leukemogenesis. Further studies are necessary to identify the functional effect of these allelic variations and their contribution to leukemogenesis.
Our study further showed that upon stratification on subtype, risk associations of LMO1 variants were significant in children with precursor B-cell leukemia. Moreover, the effect size becomes stronger when examining the precursor B-ALL subset, indicating a potential role in the development of B-cell leukemia separate from the previously reported association with T-cell ALL, which could not be confirmed due to the small sample size (18,21,22) . Although the ). Association of candidate genes with leukemia risk susceptibility loci could be in LD with nearby SNPs/genes and thus merely markers for the true causal factor, the finding of an associated haplotype may suggest that the true causal variant(s) is (are) likely to reside on the haplotype. Recently, LMO1 was identified as neuroblastoma oncogene (17) . Four SNPs reached genome-wide significance (rs4758051, rs10840002, rs110420, rs204938), three of which we also genotyped in our study (Figure 2) . Aside from rs204938, significant in both our and their study, the remaining three are located outside the boundaries of the risk haplotype we found. Although neuroblastoma and ALL are clinically different entities, it remains to be determined whether LMO1 triggers tumorigenesis through a common mechanism in both pediatric malignancies.
It is noteworthy that we observed a trend toward significance for seven variants within the Ikaros family zinc finger protein 1 (IKZF1) gene (supplementary Table 3 is available at Carcinogenesis Online), previously shown to play a role in ALL from GWA analysis (8, 9) . However, we were not able to replicate the significant findings for rs4132601 but rather found other SNPs to be marginally significant in this region that did not reach genome-wide significance in the reported GWA studies. The most significant finding in our study was for rs6959427 (OR 5 2.03, P 5 0.003), located just downstream from IKZF1 and upstream from the dopa decarboxylase aromatic L-amino acid (DDC) gene. This SNP is not present on the SNP chip panels used in the GWA studies reported previously. However, statistical significance did not remain after correction for multiple testing implicating that a role of this gene in leukemogenesis is not corroborated by our findings.
We selected 29 candidate genes known to be involved in the biology of ALL based on biochemical and physiological studies. Because the exact mechanism by which these genes might act in ALL development and progression is largely unknown, the genes investigated may represent only a fraction of all relevant genes. Furthermore, the SNPs selected in the study are not an exhaustive list of all existing common SNPs and may not fully represent the genetic variability of these genes. However, a careful selection of genes and SNPs was made based on published data of functional and/or association analyses related to ALL, and thus, high-priority genes and SNPs were included in the analysis. We only evaluated ALL as a single trait without considering interactions with environmental and other nongenetic factors that may be involved in leukemogenesis, which is a limitation of studies examining only genetic variants. In addition, no gender-specific associations were tested for due to our limited sample size and overstratification of the data would likely result in uncertainty of the risk estimates. The minimal detectable OR, corresponding to 80% power, is 1.55 considering a median minor allele frequency of 24.6% for our Caucasian sample of 163 cases and 251 controls. Replication of our findings in independent Caucasian samples is warranted to elucidate the role of these variants in ALL susceptibility.
In summary, our results indicate that genetic alterations play a significant role in the risk of ALL. Our approach of evaluating a large number of genetic variants in preselected candidate genes identified a new susceptibility locus at 11p15 for ALL. Further studies are warranted to explore whether our findings can be replicated not only in other European samples but also in other populations of different ethnic background. Significant results after Bonferroni correction are in bold (P , 0.01). Only common haplotypes (.5%) are shown.
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